Introduction
============

Gastroesophageal reflux disease (GERD) is defined as a disorder in which acid gastric contents reflux recurrently into the esophagus, causing acid regurgitation at least once a week [@B1]-[@B4]. GERD can damage the esophageal mucosa, leading to esophageal bleeding or stricture, and can also trigger long-term complications, including Barrett\'s esophagus or esophageal adenocarcinoma [@B5]-[@B8]. Previous studies have explicated that the consumption of large amounts of alcohol tends to be associated with an increased risk of erosive esophagitis, promoting acid regurgitation by reducing the pressure of the lower esophageal sphincter and slowing both esophageal motility and gastric emptying, regardless of the type of alcoholic beverage [@B9]-[@B12]. Importantly, acid and pepsin can induce macroscopically detectable injury to the esophageal squamous epithelium. Injured or inflammatory tissues release inflammatory mediators, which can be investigated by the immune system. Moreover, in response to these chemical insults, endothelial cells produce adhesion molecules, which recruit and activate leukocytes, thus mediating inflammatory conditions [@B13]. Alcohol can affect the esophagus in several ways: it induces mucosal inflammation, increases the risk for Barrett\'s esophagus and esophageal cancer, and impairs esophageal motility [@B14]-[@B19]. However, the mechanisms involved in the occurrence of esophagitis induced by alcohol remain to be elucidated.

Pyroptosis is an inflammatory cell death and is typically triggered by caspase-1 after its activation by various inflammasomes [@B20], [@B21]. Caspase 1 was initially called interleukin IL-1β-converting enzyme and was first recognized as a protease that converts the inactive precursors of interleukin 1β (IL-1β) and interleukin 18 (IL-18) into mature inflammatory cytokines [@B22]-[@B26]. IL-1β and IL-18 are potent endogenous pyrogens that could stimulate fever, leukocyte tissue migration and expression of diverse cytokines and chemokines [@B27]-[@B30]. Furthermore, IL-1β and IL-18 play crucial roles in the pathogenesis of a range of inflammatory and autoimmune diseases [@B31]. Caspase-1 can be activated by a cytoplasmic protein complex called the inflammasome [@B32], and caspase 1 activation can result in not only the production of activated inflammatory cytokines but also rapid cell death characterized by plasma-membrane rupture, DNA damage and release of proinflammatory intracellular contents [@B33]-[@B36]. Currently, there is no related study showing the association between pyroptosis and the occurrence of esophagitis.

In the present study, we demonstrated that alcohol accumulation could initiate caspase-1 activation and DNA fragmentation and stimulate the activation of inflammatory cytokines IL-1β and IL-18, causing pyroptosis not only in normal esophageal epithelial cell line HEEC but also *in vivo*. Furthermore, we revealed that pyroptosis was involved in the occurrence of esophagitis, and amplification of the inflammation signal *in vivo*, accelerating the progression of esophagitis. We also demonstrated the activation of pyroptosis in esophageal cancer.

Results
=======

*Alcohol causes caspase-1 activation in HEECs---*The dosage window of alcohol within which it is considered safe was detected using normal human esophageal endothelial cells (HEECs), which were cultured with ethanol diluted by DMEM plus 10% fetal bovine serum to 0.5%, 1%, 2%, 4%, 8% and 16%, according to the cell survival extent. Finally, the maximal safety use level was confirmed to be 1% \[Figure [1](#F1){ref-type="fig"}A\].

As an inflammatory process, pyroptosis may play an essential role in the development of esophagitis. To explore whether pyroptosis is involved in esophagitis induced by alcohol, we first detected the expression level of caspase-1. HEECs were treated with ethanol diluted to the concentrations of 0.5% and 1%, and then we carried out immunofluorescence using caspase-1 antibody and labeled the nucleus with DAPI. As expected, there was an obvious activation of caspase-1 at a concentration of 1% \[Figure [1](#F1){ref-type="fig"}B\]. To further confirm that caspase-1 was activated, we assessed the mRNA and protein expression levels of caspase-1 by qRT-PCR and western blotting in the HEECs. Thus, total RNA was extracted, and then RT-qPCR was performed, Pro.caspase-1 and Cl.caspase-1 protein were extracted and subjected to Western blot analysis \[Figure [1](#F1){ref-type="fig"}C & [1](#F1){ref-type="fig"}D\]. The results showed that alcohol treatment could cause caspase-1 activation.

*Alcohol induces cell death in HEECs---*Like apoptotic cell death, pyroptosis also shows positive terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) staining. Figure [2](#F2){ref-type="fig"} shows the fluorescent signals of TUNEL and DAPI staining of HEECs: TUNEL staining monitors DNA damage, and DAPI staining monitors morphological changes in nuclei. In the non-treated group, there was a small number of dead cells. Compared with the non-treated group, the cell death rate was significantly increased at 48 h after treatment with alcohol in a dose-dependent relationship.

*Alcohol activates inflammatory cytokines IL-1β and IL-18---*To ensure that it was pyroptosis, not apoptosis, that participated in this process, we further determined whether alcohol could amplify the inflammatory response during esophagitis through pyroptosis. We detected the expression levels of IL-1β and IL-18. HEECs were treated with ethanol diluted to the concentrations of 0.5% and 1%, and then we performed qPCR and Western blot assays to detect IL-1β and IL-18 expression in different forms \[Figure [3](#F3){ref-type="fig"}\]. Compared with the control groups, the mRNA and protein expression levels of mature IL-1β and IL-18 were increased in the alcohol-treated group, further consolidating our results that alcohol could induce pyroptosis and activate the inflammatory response to promote the occurrence and development of esophagitis.

*The caspase-1 inhibitor suppresses alcohol-induced pyroptosis and inflammation---*Because alcohol treatment could induce pyroptosis, next we detected the effect of the caspase-1 inhibitor N-Ac-Tyr-Val-Ala-Asp-chloromethyl ketone (Ac-YVAD-CMK) on pyroptosis and inflammatory cytokines in esophagitis. We first needed to clarify the inhibitory effect of Ac-YVAD-CMK on caspase-1. Thus, we carried out immunofluorescence assays \[Figure [4](#F4){ref-type="fig"}A\]. The results showed that both Ac-YVAD-CMK and caspase-1 siRNA could remarkably inhibit the caspase-1 expression level. Cell death induced by pyroptosis was also suppressed by Ac-YVAD-CMK \[Figure [4](#F4){ref-type="fig"}B\]. Furthermore, qRT-PCR and western blotting showed that this agent could effectively inhibit caspase-1 expression similar to siRNA \[Figure [4](#F4){ref-type="fig"}C & [4](#F4){ref-type="fig"}D\].

Next, we detected the effect of the inhibitor on the inflammatory response. We treated HEEC cells with the aforesaid pattern and then detected the mRNA and protein expression levels of different forms of IL-1β and IL-18 \[Figure [4](#F4){ref-type="fig"}C & [4](#F4){ref-type="fig"}D\]. The inhibitor-treated group reversed the increased expression of IL-1β and IL-18 compared with the alcohol-treated group. qRT-PCR and western blot assays also showed that the IL-1β and IL-18 mRNA and protein expression levels were effectively decreased in the inhibitor-treated group. As expected, the inhibitor could significantly inhibit the expression level of mature IL-1β and IL-18.

*Alcohol accumulation initiates pyroptosis in vivo---*To further confirm that alcohol drinking could act on esophagitis through pyroptosis, we completed animal experiments. We chose nine Balb/c mice, six to eight weeks old, and divided them into three groups. The first group was given normal saline, the second group was given 1% alcohol, and the third group was given the same alcohol concentration and the inhibitor Ac-YVAD-CMK. All three groups were administered the agents by gavage. First, we isolated the esophageal epithelial tissues of these three groups to form hematoxylin and eosin (HE) staining \[Figure [5](#F5){ref-type="fig"}A\]. Inflammatory cell evasion was detected in these three groups, and the results showed a significant increase in mouse esophageal mucosal inflammation in the ethanol group and then decreased in caspase-1 inhibitor-treated group. Next, we carried out immunohistochemical assays to detect caspase-1, IL-1β and IL-18 expression, and the results showed that alcohol treatment activated the expression of all three; however, the inhibitor significantly reversed the increased expression \[Figure [5](#F5){ref-type="fig"}B-D\]. Next, we extracted the esophageal epithelial cells from all three groups, collected the whole nucleic acids and proteins, detected the mRNA \[Figure [5](#F5){ref-type="fig"}E\] and protein expression levels \[Figure [5](#F5){ref-type="fig"}F\] of caspase-1, IL-1β and IL-18. The results suggested that alcohol drinking could induce caspase-1 activation in esophagitis; however, Ac-YVAD-CMK could inhibit the activation of IL-1β and IL-18 remarkably, reducing the inflammatory response and greatly relieving the progression of esophagitis.

*Pyroptosis is activated in esophageal cancer tissues---*Because pyroptosis plays an important role in esophagitis induced by alcohol and it has been proved that alcohol has a close relationship with esophageal cancer [@B14], [@B16], we next detected the activation levels of caspase-1, IL-1β and IL-18 in esophageal cancer to identify whether pyroptosis was involved in esophageal cancer progression. We collected 30 paired tissue samples from Harbin Medical University Cancer Hospital, all of whom have a drinking history of more than twenty years. We then detected caspase-1 \[Figure [6](#F6){ref-type="fig"}A\], IL-1β \[Figure [6](#F6){ref-type="fig"}B\] and IL-18 \[Figure [6](#F6){ref-type="fig"}C\] expression through immunohistochemical staining using esophageal cancer tissues and adjacent normal tissues from 6 random patients. The results showed that the expression levels of both caspase-1, IL-1β and IL-18 were increased in cancer tissues, compared with those in non-tumor tissues. To further identify the expression levels of the three factors in cancerous tissues, we isolated the nucleic acids and proteins from esophageal cancer tissues and non-tumor tissues to detect the transcription \[Figure [6](#F6){ref-type="fig"}D\] and translation levels \[Figure [6](#F6){ref-type="fig"}E\] via qRT-PCR and western blot assays, respectively. The results showed that caspase-1, IL-1β and IL-18 were increased in esophageal cancer tissues. These results suggest that pyroptosis may be a main participant in esophageal cancer progression.

Discussion
==========

In recent years, there has been great progress in studies concerning esophageal cancer; however, very scant reports exist concerning esophagitis. Barrett\'s esophagus (BE) is considered to develop as a result of chronic gastroesophageal reflux disease (GERD) and to predispose to esophageal adenocarcinoma (EAC) [@B37], GERD is caused by abnormal reflux of the gastric contents into the esophagus, which is characterized by specific symptoms such as heartburn and acid regurgitation [@B38]-[@B42]. However, only about one-third to one-half of patients with GERD presented endoscopically positive changes, such as erosions and ulcers, while the others with GERD symptoms showed no obvious mucosal damage during endoscopic examination.

Therefore, esophagitis is being largely viewed as one of the complications of GERD [@B43]-[@B50]. To understand the mechanism of the occurrence of esophagitis could help us prevent diseases effectively. Several studies showed that alcohol consumption was associated with an increased risk of reflux esophagitis [@B9], [@B51], [@B52]. Our study clarified that alcohol could induce esophagitis, agreeing with previous studies that alcohol consumption tends to be associated with an increased risk of erosive esophagitis and Barrett\'s epithelium [@B53]. Furthermore, alcohol accumulation could activate caspase-1, IL-1β and IL-18, amplifying the inflammatory response to aggravate the progress of diseases through pyroptosis pathway. Pyroptosis is a caspase-1/caspase-11-dependent inflammatory form of cell death, which not only protects multicellular organisms from invasion by pathogenic bacteria and microbial infections but can also lead to sepsis and lethal septic shock if overactivated [@B54]. Caspase-1 is an inflammatory caspase that is activated through the formation of inflammasome complexes in response to both pathogen-derived and endogenous mediators. The most well-known function of active caspase-1 is to cleave the proforms of inflammatory cytokines IL-1β and -18 into their active forms in response to inflammatory stimuli in immune cells [@B55], [@B56]. A recent study suggests that caspase-1 has multiple functions, in addition to this cytokine maturation role, and it is at the center of many cell responses to stress and inflammation [@B57]. AC-YVAD-CMK, an inhibitor of caspase-1, could effectively inhibit caspase-1 expression, and inhibit pyroptosis in many diseases [@B58]-[@B63]. Previous studies showed that H. pylori-associated inflammation plays a role in the prevention of the development of erosive esophagitis[@B64], [@B65]. Our study, for the first time, identified that alcohol accumulation could cause inflammatory response and induce pyroptosis. However, Ac-YVAD-CMK, as the inhibitor of caspase-1, could significantly inhibit the expression of inflammatory cytokine IL-1β and IL-18 both *in vivo* and *in vitro*, thereby relieving the progress of esophagitis. Previous studies have shown that the caspase-1 inhibitor AC-YVAD-CMK could attenuate acute gastric injury, reducing acute lung injury and protecting the kidney from acute ischemic lesions [@B66]-[@B68]. However, no study has reported on the effect of AC-YVAD-CMK on esophagitis. Our study suggests that Ac-YVAD-CMK may be an effective reagent to suppress the development of esophagitis and defend against mucosal damage. Alcohol accumulation not only induces esophagitis but is associated with the pathogenesis of esophageal cancer [@B69]-[@B74]. Therefore, we detected the expression of caspase-1, IL-1β and IL-18 to identify whether pyroptosis plays roles during the progression of esophageal cancer. As expected, pyroptosis also participates in esophageal cancer. Our study showed that the caspase-1 inhibitor AC-YVAD-CMK may be an effective agent to treat esophagitis caused by alcohol and may function in the treatment of esophageal cancer.

Experimental Procedures
=======================

*HEEC cell lines and culture conditions---*Human esophageal endothelial cells were purchased from the iCell (Shanghai, China). The cell lines were cultured in DMEM medium supplemented with 10% fetal bovine serum (FBS; Gibco, Australia), 100 U/mL penicillin, and 50 μg/mL streptomycin and were kept in incubators with humidified atmospheres of 5% CO~2~ and 95% air at 37°C.

*qRT-PCR---*Total RNA was extracted from EC tissue samples and adjacent non-tumor tissue samples using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacturer\'s instructions. Approximately 1 μg of RNA was used to synthesize cDNA. The expression levels of caspase-1, IL-18 and IL-1β were determined by qPCR (ABI 7500fast system, Applied Biosystems, CA, USA), using GAPDH as the endogenous control. qRT-PCR results were expressed relative to the ratio of caspase-1, IL-18 or IL-1β and GAPDH expression. The forward and reverse primer sequences for caspase-1 are 5\' TTTCCGCAAGGTTCGATTTTCA 3\' and 5\' GGCATCTGCGCTCTACCATC 3\', respectively. For IL-1β: forward 5\' ATGATGGCTTATTACAGTGGCAA 3\', reverse 5\' GTCGGAGATTCGTAGCTGGA 3\'; Il-18: Forward 5\' GCAAAGCTTATGACCATGAGACACAACTG 3\', Reverse 5\' GCGAATTCGTCGACTTAACCCTGCTGCTGTGGACT 3\'.

*MTT assay---*Cells were seeded into 96-well plates and were treated as previously described. After treatment, 10 μl of MTT reagent (0.5 mg/ml) was added to each well and was incubated for 4 h at 37°C. The formazine granules in the wells were dissolved with 150 μl of dimethyl sulfoxide (DMSO), and the absorbance at 570 nm was measured using a microplate reader.

*HE staining---*Hematoxylin and eosin (HE) staining was used to observe the histological changes. Tissues were fixed in 4% paraformaldehyde and embedded in paraffin. The samples were cut into 5-μm-thick sections and stained with HE.

*Immunofluorescence---*The cells were washed three times with PBS and then were fixed with 4% paraformaldehyde at room temperature for 15 min. The cells were washed three times with PBS again and blocked with PBS containing 1% bovine serum albumin (BSA) for 30 min at room temperature. Cells were then incubated overnight at 4°C with primary antibody diluted in blocking buffer and with secondary antibody for 1 h at room temperature. Caspase-1 was detected via a monoclonal anti-caspase1 antibody (Cell Signaling; 2225) at a dilution of 1:200 and a horseradish peroxidase-conjugated goat anti-rabbit IgG antibody at a dilution of 1:1000. The cells were then washed three times with PBS. Images were taken using an Axiovert 200 fluorescence microscope.

*Immunohistochemical staining---*For immunohistochemical analysis, frozen esophageal section specimens were fixed with 4% buffered paraformaldehyde embedded in paraffin. Specimens were dehydrated by an ascending series of ethanol and cleared with xylene. All sections were immunostained with primary antibodies against caspase-1, IL-18 and IL-1β at 4°C overnight. After incubation with secondary antibodies, the sections were stained with diaminobenzidine.

*Enzyme-linked immunosorbent assay---*Culture medium was collected for the measurement of IL-1β and IL-18 using an ELISA kit (uscn-SEA064R and uscn-SEA563Ra) according to the manufacturer\'s instructions [@B37].

*Western blot analysis---*Total protein was extracted from the cells using RIPA buffer containing phenylmethanesulfonylfluoride (PMSF). Total protein concentrations were measured using a BCA Protein Assay Kit (Pierce, Rockford, IL). Thirty micrograms of the protein lysate was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and were transferred onto PVDF membranes. The PVDF membranes were blocked with 5% BSA in 0.05% Tween 20-TBS for 1 hour and were incubated with the corresponding primary antibody diluted in blocking buffer overnight at 4°C. The dilutions for primary antibodies were as follows: anti-caspase-1 (1:1000, Cell Signaling; 2225), anti-IL-1β and anti-IL-18 (1:400; Santa Cruz Biotech). After extensive washing with TBST, anti-rabbit IgG-HRP secondary antibody (1:5,000; Santa Cruz Biotech) was added. Signals were determined using SuperSignal West Pico chemiluminescent substrate (Thermo, USA).

*Terminal deoxynucleotidyl transferase (TdT)-mediated-digoxigenin-11-dUTP nick end labeling (TUNEL)---*TUNEL was used to detect DNA fragmentation in HEECs treated in different conditions according to the instructions of the TUNEL kit.

*Statistical analyses---*All statistical analyses were performed using SPSS 17.0 software. Student\'s *t*-test or one-way ANOVA was conducted for normally distributed data. All data were expressed as means ± SD. Statistical significance was set at *P*\<0.05.

*Human studies---*Human samples were obtained from 30 esophageal cancer patients in Department of Thoracic Surgery, Harbin Medical University Cancer Hospital. All these patient had at least 20 years\' drinking history and 6 paired tissues were chosen randomly for further studies. All individuals provided informed consent for donation on approved institutional protocols.

*Mouse studies---*Fifteen male C57BL/6 mice weighting 20g were obtained from the Experimental Animal Center of Harbin Medical University. These mice were divided into three groups with five mice in each group and were fed separately.As mice prowl at night looking for food, the experiments were conducted from 7pm to 7am of the next day. Control group were fed with physiological saline and food. Ethanol group and ethanol+inhibitor group were fed with 1% ethanol and same food. Meanwhile, mice in ethanol+inhibitor group were administered with caspase1 inhibitor. We recorded the weight changes and drinking volume of each mice. In control group the drinking volume was about 3ml everyday, and the other two groups were 1.5ml. At 3 d after treatment, the mice were anesthetized and euthanized by cervical dislocation. The esophagus tissues were harvested and rinsed with saline and used for the following detection.

*Ethics statement---*The study was approved by the ethics committee of Harbin Medical University, and all experimental procedures were approved by the Animal Care and Use Committee of Harbin Medical University. Our study was performed in accordance with the recommendations of the Guide for the Care and Use of Laboratory Animals, published by the US National Institutes of Health (NIH Publication no. 85-23, revised 1996).
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![Ethanol treatment induces caspase-1 activation. A. HEECs were treated with ethanol at the concentrations of 0, 0.5%, 1%, 2%, 4%, 8% and 16%, and the cellular survival rate was detected by the MTT assay. B. HEEC cells were separately treated with 0.5% ethanol and 1% ethanol, and caspase-1 activation, as well as its mRNA and protein expression levels, were detected by immunofluorescence (B), real-time PCR (C) and western blotting (D). The data are representative of five independent experiments and represent the means ± SD. \*\*, *p*\<0.01; \*\*\*, *p*\<0.001. ^\#\#\#^, *p*\<0.001. \* indicates the comparison between adjacent groups, ^\#^ indicates the comparison between the groups independent of each other.](ijbsv14p1245g001){#F1}

![Ethanol activates cell death in HEECs. HEECs were treated with 0.5% ethanol and 1% ethanol, and cell death was detected by TUNEL.\*\*\*, *p*\<0.001; ^\#\#\#^, *p*\<0.001.](ijbsv14p1245g002){#F2}

![IL-1β and IL-18 were activated in ethanol-treated cells. HEECs were treated with 0.5% and 1% ethanol. The activation level of IL-1β and IL-18 were detected by real-time PCR (A, C) and western blotting (B, D). The data are representative of five independent experiments and represent the means ± SD. \*, *p*\<0.05; \*\*, *p*\<0.01; \*\*\*, *p*\<0.001; ^\#\#^, *p*\<0.01; ^\#\#\#^,*p*\<0.001.](ijbsv14p1245g003){#F3}

![Caspase-1 inhibitor decreases the activation levels of caspase-1, IL-1β and IL-18. HEECs were treated with siNC, 1% ethanol+siNC, 1% ethanol+caspase-1 inhibitor or 1% ethanol+caspase-1 siRNA. A. The caspase-1 activation level was detected by immunofluorescence assay. B. Cell death was detected by TUNEL. The mRNA expression (C) and protein levels in different forms (D) of caspase-1, IL-1β and IL-18 were detected by real-time PCR and western blotting. The data are representative of five independent experiments and represent the means ± SD. \*\*, *p*\<0.01; \*\*\*, *p*\<0.001; ^\#^,*p*\<0.05; ^\#\#^,*p*\<0.01; ^\#\#\#^,*p*\<0.001.](ijbsv14p1245g004){#F4}

![Caspase-1 inhibitor decreases the activation of caspase-1, IL-1β and IL-18 induced by ethanol *in vivo*. The mice were divided into three groups---infused with physiological saline, ethanol and ethanol+caspase-1 inhibitor---with the same volume. Isolation of esophageal tissues and extraction of both nucleic acid and protein. A. Esophageal histopathology of mice was analyzed by hematoxylin and eosin (HE) staining at the indicated times after treatment with ethanol or ethanol and caspase-1 inhibitor treatments (magnification, 10× and 20×). Immunohistochemical staining of caspase-1 (B), IL-1β (C) and IL-18 (D) in the three groups. E. The mRNA expression level of caspase-1, IL-1β and IL-18 was detected by real-time PCR. F. The protein expression level of caspase-1, IL-1β and IL-18 in different forms was detected by western blotting. The data are representative of five independent experiments and represent the means ± SD. \*\*\*, *p*\<0.001; ^\#^,*p*\<0.05; ^\#\#^,*p*\<0.01;^\#\#\#^,*p*\<0.001.](ijbsv14p1245g005){#F5}

![Pyroptosis may participate in esophageal cancer progression. Isolation of esophageal cancer tissues and adjacent non-tumor tissues and extraction of the whole nucleic acid and protein. Immunohistochemical staining of caspase-1 (A), IL-1β (B) and IL-18 (C) in adjacent normal tissues and esophageal cancer tissues. D. The mRNA expression levels of caspase-1, IL-1β and IL-18 were detected by real-time PCR. E. The protein expression levels of caspase-1, IL-1β and IL-18 were detected by western blotting. The data are representative of five independent experiments and represent the means ± SD. \*\*\*, *p*\<0.001.](ijbsv14p1245g006){#F6}
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